Dipolar bilayers with antiparallel polarization, i.e. opposite polarization in the two layers, exhibit liquid-like rather than gas-like behavior. In particular, even without external pressure a self-bound liquid puddle of constant density will form. We investigate the symmetric case of two identical layers, corresponding to a two-component Bose system with equal partial densities. The zerotemperature equation of state E(ρ)/N , where ρ is the total density, has a minimum, with an equilibrium density that decreases with increasing distance between the layers. The attraction necessary for a self-bound liquid comes from the inter-layer dipole-dipole interaction that leads to a mediated intra-layer attraction. We investigate the regime of negative pressure towards the spinodal instability, where the bilayer is unstable against infinitesimal fluctuations of the total density, conformed by calculations of the speed of sound of total density fluctuations.
). The strength of the DDI can be characterized by the dipole length r D = mD 2 /(4πε 0h 2 ), where m is the mass of the dipolar atom or molecule, and D is its dipole moment. The value of r D can be compared with the average inter-particle spacing, r s ∼ ρ −1/m , where ρ is the number density of the condensate and m the dimensionality. For r D r s , the DDI is weak; in general, other contributions to the interaction, such as the s-wave scattering length a, will dominate (except if a is tuned to a sufficiently small value 2 ).
For r D > ∼ r s , the DDI will be the dominant interaction. The magnetic DDI is usually negligible, only for the handful of atoms mentioned above, its effect has been observed, but it is difficult to increase the density such that r D > ∼ r s . Compared with the magnetic dipole moment of atoms, the electric dipole moment of heteronuclear molecules can be orders of magnitude larger, leading to large values for r D (e.g. r D = 5 × 10 5Å for a fully polarized NaCs). Association of two atoms using a Feshbach resonance and transfer to the rovibra- 11, 12 . But it remains a challenge to produce a degenerate quantum gas of dipolar molecules.
The anisotropy of the DDI leads to a measurable anisotropy of the speed of sound 13 , but also an anisotropic superfluid response 14 has been predicted. The attractive part of the DDI can give rise to roton or roton-like excitations in a dipolar Bose gas layer [15] [16] [17] [18] [19] . An anisotropic 2D quantum gas can be realized by tilting the polarization dipoles in a deep trap, and a stripe phase can form spontaneously 20, 21 . For r D r s , dipoles will crystallize without imposing an optical lattice [22] [23] [24] . A bilayered dipolar Bose gas can dimerize if the polarization direction in the two layers is the same 25 . Also the case of antiparallel polarization in two layers has been studied, where dipoles are perpendicular to the layer, but the orientation of the dipoles in one layer is opposite to that in the other layer 26 .
In this work we study such a bilayer of bosonic dipoles with antiparallel polarization.
The key result is that it is a self-bound liquid, unlike bilayers with parallel polarization, and therefore does not need external pressure in the form of a trap potential to stay together.
We show that the liquid nature is a consequence of the attractive part of the inter-layer DDI, which leads to cohesion due to "dipole bridges" that effectively act as a glue to bind all particles together. For our calculations we use a variational many-body theory, the 
α and β index the layer, α, β ∈ {A, B}, and i the particles within a layer. The primed sum
indicates that for α = β we only sum over
between dipole i at r i,α in layer α and dipole j at r j,β in layer β. We neglect short-ranged interactions compared to the DDI. The intralayer interaction (α = β) is purely repulsive,
is repulsive for small r, but attractive for large r, and has a minimum at r min = 2d. Since the average interlayer interaction vanishes, d 2 r v AB (r) = 0, the coupling between layers in the ground state would vanish in a mean field approximation and the ground state energy would just be the sum of the energies of each layer.
For the many-body ground state we use the variational Jastrow-Feenberg ansatz Details about the HNC-EL method can be found in Refs. 28, 29 , and particularly for Bose mixtures in Refs. [30] [31] [32] . The HNC-EL/0 equations for an arbitrary number of components are (bold-faced capital letters denote matrices):
where m α,β is the reduced mass (for the symmetric bilayer,h
(FT denotes Fourier transformation). The kinetic energy matrix,
in our case. The HNC-EL/0 equations can be solved iteratively.
Usually the convergence is stable and fast, but close to an instability like the spinodal point discussed below, we use linear mixing between iterations to ensure convergence.
Results. We calculated the ground state energy per particle, E(ρ)/N , as function of total
The interlayer DDI scales with d −3 , therefore the energy per particle, E/N , varies over a wide range, as can be seen in the top panel of Fig. 1 that shows E(ρ)/N for four values of d. A key result is that E(ρ)/N has a minimum at a certain equilibrium density ρ eq (d), where the pressure p vanishes: without an externally applied pressure provided e.g. by a trap potential, the total density of the bilayer system will adjust itself to ρ eq (d). Rather than expanding like a gas, a dipolar bilayer system with antiparallel polarization is a self-bound liquid. Despite the purely repulsive intralayer interaction, the partly attractive interlayer interaction provides the "glue" that binds the system to a liquid. The phenomenon of an effective intralayer attraction, mediated by For predicting the spinodal instability, but also for calculating excitation properties, an important quantity is the static structure matrix, S αβ (k). In Fig.4 we compare S AA (k) and S AB (k) obtained with HNC-EL/0 (lines) and PIMC (symbols), at a total density of ρ = 1.
The temperature in the PIMC simulation was T = 0.5 which was low enough that S αβ (k)
did not change upon lowering the temperature. We see that the HNC-EL/0 approximation works well, considering that intralayer correlations are quite strong. time step. For even lower d or lower total densities we observe a clear decomposition into a droplet and a low-density gas, see next paragraph. A large peak at k = 0 can then be seen as a zero momentum Bragg peak due to phase separation.
As final confirmation of the liquid nature of dipolar bilayers with antiparallel polarization, we show the results of a PIMC simulation without periodic boundary conditions and without any external trap potential in the planar direction. A two-dimensional gas would of course spread out indefinitely, while a liquid will coalesce into a droplet of finite density. For a large enough droplet such that effects of surface line tension are negligible, the density inside the droplet is given by the equilibrium density ρ eq , i.e. the density of a bulk system at zero pressure. In Fig.6 we show the radial density profile ρ(r) for 50 dipoles in each layer separated by d = 0.1, where r is measured relative to the center of mass. In order to prevent evaporation we set the temperature to T = . ρ(r) is approximately constant for r < ∼ 4 and quickly falls to zero for larger r. This is the behavior expected for the density profile of a self-bound liquid, and very different from the density profile of a quantum gas in a trap. Inside the droplet the density is approximately constant, with a value close to the equilibrium density ρ eq of a bulk system at zero pressure. The distance is d = 0.1 and the temperature was set to T = 1 16 , which is low enough to prevent evaporation. The inset shows a snapshot of the simulation, with red and blue indicating the dipoles in the layers A and B, respectively, at the imaginary time steps of the paths of PIMC.
